Formation of 5-hydroxymethyl-2-furancarboxaldehyde (HMF) was studied kinetically by HPLC in blood orange juice and model systems of fructose, glucose and sucrose at different acidic pH values and temperatures.The ultraviolet absorption of the solutions changes during reaction by forming an enediol intermediate, which slowly converts into HMF. Pseudo first order rate coefficients were used for comparing reactivity of sugars in model systems and in fortified juices. Glucose degrades much more slowly than fructose, while the reactivity of sucrose depends on pH value and temperature. The activation energy for sucrose was about 20 kcal mol -1 higher than fructose, and such a difference can be ascribed to the rate-determining contribution of the preliminary hydrolysis step. First order rate coefficients in orange juices were similar to those of model systems at comparable pH and temperature, indicating that sugar degradation occurs without any interference of other components, thus excluding the presence of the Maillard's reaction. HMF content constitutes an index of juice deterioration, therefore it should be included among the parameters of quality for commercial blood orange juices.
Introduction
Thermal treatments and unsuitable storage temperatures affect sensory and nutritional properties of Italian blood orange juice unfavourably. The bright red colour quickly fades (Maccarone et al., 1985) , and the fresh odour is altered both by loss of the most aromatic components and by formation of some detrimental off-flavours (Fallico et al., 1996) . The formation of 5-hydroxymethyl-2-furancarboxaldehyde (HMF) from thermal treatment of sugars in acidic medium has been known for a long time (Kiermayer, 1895; Alberda van Ekenstein & Blanksma, 1910) . Previous kinetic investigations showed that HMF arises from hexoses through an acid-catalysed dehydration and cyclization mechanism (Singh et al., 1948; Wolfrom et al.,1948) . HMF was found in stored foam-mat orange powders (Berry & Tatum, 1965; Tatum et al., 1967) and in thermally treated solutions of fructose . Studies, both in model systems and in citrus juices, have related HMF content with nonenzymatic browning (Kanner et al., 1981 (Kanner et al., , 1982 Shallenberger & Mattick, 1983; Lee & Nagy, 1988a , 1988b , 1990 . HMF accumulates in stored orange juices and has been associated with colour and flavour degradation; logically a high content of HMF should represent an index of thermal abuse and prolonged or improper storage (Dinsmore & Nagy, 1972; Nagy & Randall, 1973; Nagy & Dinsmore, 1974; Lee & Nagy, 1988b; Kaanane et al., 1988; Handwerk & Coleman, 1988) . However, Rassis & Saguy (1995) did not find significant differences on HMF following heating of juices, but did find such differences during storage. The Association of the Industry of Juices and Nectars from Fruits andVegetables of the European Economic Community (AIJN 1996) has included the amount of HMF among the absolute parameters of quality (max. 20 mg L
21
) in the code of practice for the evaluation of fruits and vegetable juices.
All the studies have, so far, concerned blond orange juices; no study has been performed on HMF formation in blood juices. Recently, the distribution of chemical constituents differentiating Italian blood orange juices from blond cultivars was reported (Arena et al., 1998; Maccarone et al., 1998a Maccarone et al., , 1998b Rapisarda et al., 1998) . This paper reports a kinetic study of HMF formation both in blood orange juice and in model systems containing fructose, glucose and sucrose. In particular the formation rate of HMF was determined at different pH values and temperatures in order to calculate the partial reaction orders with respect to sugars and hydrogen ion, rate coefficients and the activation energy. This work is designed to test the hypothesis that a limit value of HMF concentration for commercial blood orange juices should be proposed.
Materials and methods

Reagents and products
Glucose, fructose, sucrose and HMF were .99% purity grade reagents, and methanol, water, acetic acid and ethyl acetate were HPLC purity grade solvents. Fresh orange juices, namely Not From Concentrate (NFC), were prepared in a FMC inline extractor and then concentrated in a TASTE evaporator (90 8C for 3 min), in the plants at the Ruby Company (Catania, Italy). The concentrates (50^60 Brix) were reconstituted (RFC) at the same Brix value of the corresponding NFC juices (11.5^12.5 Brix) using distilled water. Each NFC juice and the corresponding RFC were prepared from the same stock of oranges. Model solutions of each sugar at comparable concentration with that of orange juice were prepared by dissolving 1.25^5 g of glucose or fructose, and 2.5^10 g of sucrose in 100 mL of buffer solution of citric acid/tripotassium citrate, 1.2 g 100 mL -1 and 0.6 g 100 mL -1
, respectively, adjusted to the appropriate pH (2.5^4.5) using concentrated HCl or KOH. Fortified juices were obtained by adding fructose or sucrose (2.5^5 g) to 100 mL of NFC juice (pH 3.13). Sugars in juices were determined using the biochemical kit for food analyses (Boehringer-Mannheim).
The HMF level was determined by HPLC. Model solutions were injected directly without any treatment, whereas orange juices were first centrifuged (3500 r.p.m. for 15 min) and 5 mL of clear juice were adsorbed on C18 cartridges, eluted with 5 mL of ethyl acetate and then analysed. Cartridges were previously conditioned with methanol (1 vol) and buffer solution at pH 3.38 (3 vols). Blank experiments demonstrated that the procedure of adsorption and elution allows a quantitative recovery of HMF. The HPLC apparatus was a Varian 5000 liquid chromatograph (Varian, Lein|© , Italy) equipped with an UV detector (Varian LC 100) and a Lichrospher 100 RP-18 (5 mm, 125 mm 3 4 mm) column (Merck, Milan, Italy) using an isocratic mobile phase (93% of a 3% acetic acid aqueous solution and 7% of methanol) at a rate flow of 0.5 mL min
21
. Samples of10 mL were injected and monitored at 285 nm. Concentration was calculated by the external standard method using a calibration line obtained from standard solutions at known concentration of HMF (4 3 10 26 mol L 21^2 3 10 24 mol L
). HMF was univocally identified by HPLC retention time and mass spectrum.
Kinetic measurements
Aliquots of model solutions, NFC juice and fortified NFC juices (20 mL) were transferred into appropriate vials (40 mL) and heated in a thermostatic oven at 70 8C, 80 8C and 90 8C (6 2 8C) for up to 8^11 h. The system required a warming-up period (10 min) before it reached the appropriate temperature value. At definite time intervals the vials were withdrawn, rapidly cooled in an ice bath and samples were analysed by HPLC to determine HMF. Kinetic experiments were carried out in duplicate. The behaviour of model solutions was also followed by UV spectrophotometry using a Cary 1 E instrument (Varian).
Kinetic parameters were determined using the initial rate method (Frost & Pearson, 1953) . Partial reaction orders with respect to sugar and hydrogen ion were calculated using the following empirical equations: 
HMF stability measurements
In order to measure the thermal stability of HMF in the reaction conditions, buffer solutions (pH 3.38) containing HMF at known concentration (from 5.0 mg L 21 to 50 mg L
21
) were heated at 90 8C 6 2 8C for up to 8 h. After rapid cooling, the solutions were directly analysed by HPLC without any treatment. No variation of concentration was observed under such experimental conditions.
Results and discussion
HMF formation in model systems
Thermal treatment of model solutions of fructose, glucose and sucrose induces formation of HMF. Figure 1 shows the UV spectra of a fructose solution for different reaction times at 90 8C. Initially, an absorption band with l max 232 nm was formed, while a less intense band at l max 285 nm appeared. The 285 nm band increases more than the 232 band on increasing the heating time. This behaviour agrees with initial formation of an intermediate enediol (Wolfrom et al., 1948) , which evolves slowly into the stable HMF. Model solutions of glucose and sucrose showed similar behaviour. Table 1. 90 8C. After an induction period of approximately 4 h, concentration of HMF increases linearly with a slope proportional to the initial sugar concentration. Similar trends are observed at different pH and temperature, as well as for the corresponding kinetics of glucose and sucrose. Table 1 reports initial rates and pseudo first order coefficients, and Table 2 reports the calculated partial rate orders and activation energies.
The reaction order with respect to each sugar was first order, indicating a direct participation of sugar in the rate-determining step of HMF formation. Partial rate order with respect to hydrogen ion was fractional (about 0.5) for reactions of fructose and glucose and was first order for the sucrose (Table 2) .
These data suggest a complex dependence on the acid catalysis for fructose and glucose, as a result of a series of consecutive transformations, i.e. tautomeric rearrangements, cyclization and dehydration (Belitz & Grosch, 1999) , whereas the first order for the sucrose reaction appears to be associated to a preliminary rate-determining step of hydrolysis (Schoebel et al., 1969) .
Homogeneous comparison of reactivity among sugars can be performed by pseudo first order rate
). Higher k 1 coefficients of fructose than glucose can be associated to with easier formation of the common intermediate1,2-endiol, which is structurally favoured by the carbonyl group of fructose more than that of glucose (Belitz & Grosch, 1999) .
The k 1 value of sucrose at pH 3.38 and 90 8C (Table 1 , runs 12^14) corresponds to the sum of k 1 values of fructose and glucose at the same pH and temperature (Table 1 , runs 1^3 and 8^10, respectively), as indicated by the ratio close to unity [k 1(sucrose) /(k 1(fructose) 1 k 1(glucose) ) = 1.14]. Under these conditions an almost stoichiometric hydrolysis of sucrose occurs, thus assuring an actual concentration of fructose and glucose near to concentration of sucrose. However, the degradation coefficient of sucrose at higher pH (Table 1 , run 16) was slower than the sum of fructose and glucose contributions (Table 1 , runs 5 and 11, respectively) and a ratio of 0.47 was found, suggesting that hydrolysis is a ratelimiting step which competes with HMF formation from the monosaccharides produced by hydrolysis. Kinetics at temperatures lower than 90 8C confirm the hypothesis, even though k 1 values relative to glucose were not available owing to extremely slow degradation. In fact, no appreciable formation of HMF was observed after thermal treatment of glucose for 11 h at pH 3.38 and 80 8C. The k 1 values of sucrose and fructose at pH 3.38 were comparable at 80 8C and significantly different at 70 8C. Consequently, sucrose degrades with an activation energy higher than fructose (Table 2 ) and the calculated difference of about 20 kcal mol 21 can be ascribed to the contribution of the hydrolysis step, in fair agreement with the experimental activation energy of sucrose hydrolysis (Schoebel et al., 1969) . Table 3 reports the content of sugars and HMF in some NFC and RFC blood orange juices. A small amount of HMF is present with a mean of 0.58 mg L 21 and 0.54 mg L 21 for NFC and RFC juices, respectively. Therefore the concentration process does not modify the sugar distribution and does not increase the level of HMF. However, HMF increases remarkably during storage, particularly in the concentrate juices (Kanner et al., 1981 (Kanner et al., , 1982 Rassis & Saguy, 1995) .
HMF formation in blood orange juice
Kinetic experiments were performed using NFC juices fortified by the addition of known amounts of fructose and sucrose. Initial rates and first order rate coefficients at 90 8C are reported in Table 4 . Formation of HMF in juice proceeds similarly to that observed in model solutions, i.e. it increases linearly with increasing sugar concentration after an induction period.The reaction orders with respect to each sugar were near to unity, and values of k 1 in the pH Table 5 reports the amount of HMF produced during heating at 90 8C (5.5^7 h) of model solutions and orange juice at the same pH value (3.13).The total HMFconcentration arising from the contribution of each sugar is very similar to that produced in orange juice. Results from Tables 4 and  5 indicate that sugar degradation occurs without any interference due to other juice components. Moreover, the comparable amount of HMF produced both in model systems and in the heated orange juices excludes the intervention of the Maillard reaction, already observed in dehydrated orange juices (Wolfrom et al., 1974) . The presence of such a reaction would induce a higher amount of HMF in the heated orange juices, as shown by studies using model systems containing sugar alone or sugar together with an amino acid (Yaylayan & HuyghuesDespointes, 1994; Fallico & Ames, 1999) .
Initial rate values for HMF formation from fructose at 70 8C, 80 8C and 90 8C were used to extrapolate the corresponding values at 4 8C and 32 8C; and the calculated values used to estimate the HMF formed in blood orange juice after 8 weeks of storage at these temperatures. The calculated value was 5.3 10 23 mg L 21 and 0.8 mg L 21 for samples at 4 8C and 32 8C, respectively.
Conclusions
The process of heating blood orange juice, as well as blond orange juice (Rassis & Saguy, 1995) , does not lead to higher levels of HMF. The kinetic results of the present study have shown that HMF formation in blood orange juice depends only on sugar concentration, thus during the thermal processing of blood orange juice the Maillard's reaction can be excluded.
The maximum amount of HMF proposed by AIJN for blond orange juices (20 mg L
21
) seems too high. Both the results of the present study and those of Rassis & Saguy (1995) show that even in the worst storage conditions, the HMF level is extremely far from the proposed limit.We suggest a limit of 2^3 mg L 21 for blood orange juices in agreement with a previous indication (Trifiro© et al., 1996) . Since the concentration of HMF is similar both in blood and blond orange juices, the same limit for HMF concentration should be used in a code of practice. 
